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INTRODUCTION

For lignite, several workers have demonstrated a mixture of carbon
monoxide and water to be superior to hydrogen for liquefaction when there
are no added catalysts(1, 2, 3, 4). The minerals present in lignite are
postulated to catalyze the reduction. The relative success of CO is
important because it suggests the economics of lignite Tiquefaction may
ultimately favor the use of synthesis gas over hydrogen. If so, the need
of the shift reaction section of a hydrogen plant can be eliminated. Carbon
dioxide has to be removed at one stage in either process which will probably
result in a wash-out of its removal expenses.

There are several important questions which arise from the carbon
monoxide results: (1) Which chemical bonds are more easily reduced by
CO-Hy0 than Hz under the same conditions? (2) Does the reduction proceed
becalise of "nascent" hydrogen from CO-H,0? and (3) What materials catalyze
the CO-Hy0 reaction?

Mode1 compounds are superior to lignite as a material to study to
answer the posed questions because the variables can be better controlled.

The applicability of the model compound work to Tignite liquefaction processes
depend upon the relation of the model compounds to the key features of lignite
structure and chemistry question examined. The selection of the materials for
examination as catalysts depends on the nature of the natural minerals present
in the various 1ignites, available low-cost materials as disposable catalysts

and materials to prove or disprove a hypothesis on catalyst activity.

Carbon monoxide and water has proven more effective than hydrogen to
convert benzophenone and benzhydrol into products(5). For anthracene, Hp and
CO-Ho0 are equa11y effective for conversion, and for qu1no11ne Hp is superior
to Cs -H,0(6). The product distributions are influenced by catalysts and the
presence of a hydrogen-donor solvent.

Thiophene and thiophene derivatives have been desulfurized by tetralin(7),
hydrogen over a Co0-Mo03-A1203 catalyst(8), an ammonium Y zeolite catalyst(9)
and a molybdenum sulfide cata?yst(lo Ro]1man has removed sulfur from model
compounds over sulfided CoMo cata]ysts(]])

EXPERIMENTAL

The reductions are done in a pa1r of 250-ml rocking Hastelloy C autoclaves.
The temperature is maintained at 425°C  for two hours. The heat up time is
slightly more than an hour, and the cool-down time is done overaight. Initially
the autoclaves are charged with 750 psi of reducing gases and 750 psi of argon
(1500 psi total). At 4250C, the reactions will achieve a total pressure of about
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3,000 psi. After cool-down, the gases are vented and the products removed by
decanting.

The water layer is separated from the organic layer by a separatory funnel
and filtered through a sintered glass funnel. A 3-ml aliquot of the resultant
solution is combined with an appropriate internal standard and analyzed by gas-
liquid chromotography. The results were obtained on a Varian Aerograph 90-P
instrument and are duplicated with the precision of 6%.

RESULTS AND DISCUSSION

In the absence of possible catalysts, the effectiveness of the reducing
gases is Hp = Hy - CO - Hy0 > CO - H,0 for causing conversion of diphenylsulfide
(Table 1, runs T-4) and thioanisole (Table 3, runs 2-4). Hydrogen, with or with-
out carbon monoxide, causes predominantly transformation into benzene, whereas
carbon monoxide-water gives a variety of products. The combination of hydrogen
with carbon monoxide and water provide results intermediate in percentage yields.

In the absence of reducing gases, neither dibenzothiophene nor diphenylsulfide
decompose at 4259C (Tables 1 and 2). However, thioanisole readily decomposes to
give diphenylsulfide, toluene and benzene (run 1 of Table 3). Since the latter
reaction solution is essentially nonpolar, homolysis of the sulfur-methyl bond
is most probably occurring, i.e., reaction 1. The dissociation energy of this
bond is 60 keal/molel2. Little thiophenol is formed possibly because of the low
S-H bond energy. Reactions 2¢ and 3 are likely reactions to account for the
benzene formed. Reaction 4 illustrates the reaction route to the predominant
product, diphenylsulfide. Reaction 5 outlines a possible reaction route to toluene.

For the three sulfur compounds of Tables 1-3, hydrogen is superior to carbon
monoxide-water for desulfurization. The CO-H,0 results can be accounted for by
the reduction caused by hydrogen from the shift reaction, reaction 6, rather than
an interpretation wherein CO directly reacts with the three model compounds.

Since benzoic acid is formed in the reactions of diphenylsulfide and thioani-
sole only when carbon monoxide is present, it must be the source of the carboxyl
group directly or indirectly. The sequence of reactions 7 and 8 are probable for
the formation of benzoic acid under these high pressure conditions.

1) PhSCHy+PhS + CHy

2) PhS +Ph +5913

3) Ph + PhSCH3* + PhH + PhSCH3

4) Ph + PhSCH3 -~ PhSPh + CH3

5) PhSCH3 + CH3 -+ PhCH3 + SCH3

6) CO + H0 2 COp + Hy

7)  Ph + COy > PhCO,

8) PhCOp + PhSCH3* -+ PhCOoH + PhSCH2
( * or metal -H)

In the diphenylsulfide reductions results described in Table 3, carbon
monoxide must be the source of the methyl group of toluene. In support of this,the phenyl
ring is unlikely to fragment to a methyl group under these conditions for thermo-
dynamic reasons, and no toluene is formed when hydrogen is used as the sole reducing
gas.
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The added materials, tetralin, NapCO3 and FeS, inhibit the diphenylsulfide
and thioanisole reduction conversions and have little net effect on the dibenzo-
thiophene reactions. Tetralin is not behaving as a good hydrogen donor, but
rather as an inert diluent of the reducing gases. Less than 5% of the tetralin
is converted into naphthalene.
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Tab

1
le 2: Reduction of Dibenzothiophene

Run Reducing gases Catalyst Solvent Diphenyl, % Conversion, %
1 H2, HZO None None 2.7 2.7
2 H2, HZO NazCO3 None 0.6 0.6
3 Co, HZO Na2 CO3 None 1.2 1.2
4 H2,CO, H20 Na2 CO3 None 0.8 0.8
5 H2’ Co, HZO Na2CO3 Tetralin 2.3 2.3
6 H2,CO,H20 FeS None 1.7 1.7

1.

0. 15 mole and the footnotes of Table 1 apply here also.
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